INTRODUCTION
Since the 19th century, it has been postulated that both prolonged and intense physical exercise and systematic training for sports can produce acute changes and cardiovascular adaptations. These changes have been of interest to coaches, physiologists and physicians in the search to understand their impact on athletes' health or performance. In 1899, Williams and Arnold evaluated participants of the Boston Marathon (1) and found signs of cardiac fatigue after the race, expressed as an acute increase in cardiac size by chest percussion and mitral regurgitation on auscultation in 84% of runners. Previously, in 1898 Henschen also described cardiac enlargement in cross-country skiers by percussion of the precordium, and considered it was a physiological effect of training that was favorable for their performance. These first publications led specialists in cardiology and sports medicine to define "the athletic heart syndrome". Years of subsequent research supported by different diagnostic techniques were necessary to increase medical knowledge of this condition.
Conventional and tissue-Doppler echocardiography are widely used to evaluate the cardiovascular adaptations of the athlete heart and differentiate it from other left ventricular pathologies. Yet, these methods have some limitations such as angle dependence, poor spatial resolution and deformation analysis in one dimension. Two-dimensional speckle-tracking echocardiography provides more accurate and detailed information about left ventricular systolic and diastolic function and can differentiate between physiological and pathological hypertrophy. (2) Although there are a several publications about myocardial changes after exercise, (3-5) we did not find evidence in the published literature about modifications in left ventricular strain parameters in ultramarathon runners.
METHODS
Twenty-eight patients were invited to participate in the study after submitting their informed consent. Two races were evaluated: the Kumen Aconcagua Ultra Trail, held in February 2018 consisting of 10, 38 or 70 kilometer paths in the Aconcagua Provincial Park at an estimated height of 4200 meters above sea level (MASL) and Cruce Mendoza Circuito Alto Running, held in December 2018, consisting of circuits of 10, 30 and 55 kilometers from Villavicencio to Uspallata through Cruz de Paramillos at a maximal height of 3400 MASL. The participants provided information about their clinical data, personal and family history, and were evaluated some days before and immediately after the race (within the first hour). Only those athletes who completed the 70 km and 55 km distance of the two races and one who completed the 38 km were included. All participants were interviewed and underwent physical examination and Doppler echocardiography.
Two echocardiography specialists performed all the tests with the same ultrasound machine (Vivid-i, General Electric Vingmed, Milwaukee, Wisconsin, USA). The images were stored for subsequent off-line analysis. Two-dimensional left ventricular dimensions were obtained from the left parasternal long axis view. The right ventricular diameter was obtained in the apical 4-chamber view at the level of the tricuspid annulus. Left ventricular diastolic filling pressures were measured by pulsed Doppler echocardiography in the left ventricular inflow tract at the tip of the mitral valve. A tissue Doppler imaging (TDI) loop obtained from the apical 4-chamber view and pulsed tissue Doppler at the lateral mitral annulus were stored to estimate the E/e' ratio. Left atrial size was calculated through the left atrial volume index determined from apical 4-and 2-chamber views, and right atrial size was estimated by means of area from the apical 4-chamber view. To estimate preload and afterload parameters, end-diastolic and end-systolic volume indexed by body surface area were assessed before and after the marathon. Ventricular volume, ejection fraction (EF) and global longitudinal strain (GLS) parameters were automatically detected from the endomyocardial border with minimal intervention of the operator (automated function imaging). Ventricular torsion and right ventricular free wall strain (RVFWS) were estimated by Q-analysis included in the GE EchoPAC Medical version 201 software. Left atrial strain was calculated as the arithmetic mean between the strain estimated by Q-analysis in the apical 4-chamber view (without including the septal segments), apical 2-chamber view and apical 3-chamber view (without including the aortic segments).
Statistical analysis
The statistical analysis was performed using conventional descriptive statistics, paired Student's t test for comparisons and Pearson's correlation coefficient to compare quantitative variables which could be used as predictors. Quantitative variables are expressed as mean and standard deviation and qualitative variables as numbers and percentage. A p value < 0.05 was considered statistically significant.
Ethical considerations
The study was evaluated and approved by the institutional Ethics Committee. An informed consent, authorized by a relative or person responsible was requested for each patient included in the study.
RESULTS
Among the 28 athletes recruited, 2 that did not complete the circuit of 55 km and 3 with poor definition of the endomyocardial border were excluded from the study. Of the 23 participants included, 5 participated in the 70 km running trail (Kumen -Aconcagua), one in the 38 km running trail (Kumen -Aconcagua) and 17 completed the 55 km marathon (Cruce -Mendoza). Mean age was 38 ± 9 years and 65% (n=17) were men. Only two participants had history of hypertension under medical therapy and the rest did not present cardiovascular risk factors or personal or family history of cardiovascular disease. Mean blood pressure was 110/70 mm Hg at baseline and was similar within the first hour after the race had finished. Training load was of 12±2 hours per week.
Mean ejection fraction was within normal values (63%), and ventricular dimensions and wall thickness values were also preserved. Mean left atrial volume was 32 ml/m 2 (28-47) and 30% (n=7) had left atrial volume >34 ml/m 2 . Mean left ventricular end-diastolic dimension was 47 mm (40-56) with mean baseline left ventricular end-diastolic volume index of 56 ml/m2 (42-47) and mean left ventricular end-systolic volume index of 22 ml/m2 (16-32). Mean right ventricular diastolic dimension was 37.5 mm (28-46). Mean GLS was -19.6% (-15%--24) and RVFWS was -25.6% (-19%--32). Mean baseline twist was 9.5° (Table 1) .
Immediately after the race, mean left ventricular ejection fraction decreased (mean 57%). Left ventricular end-diastolic dimensions and left atrial volume also decreased (mean 43.7% and 28 ml/m 2 , respectively), while right atrial area and right ventricular diastolic dimension increased (17 cm2 and 42 mm, respectively). Mean GLS and RVFWS decreased (-18.5% and -21.2%, respectively), same as mean left ventricular end-diastolic volume index and left ventricular end-systolic volume index which were lower after the marathon: 45 ml/m2 (32-67 ml/m 2 ) and 20ml/m 2 (12-35 ml/m 2 ), respectively. Table 2 shows the significant reduction in left ventricular ejection fraction (p=0.008) and left ventricular dimension (p<0.005), and the significant increase in right ventricular basal diameter (p=0.01) after comparing baseline variables with those obtained after the marathon. There were no significant differences in right atrial measurements, but left atrial volume index showed a significant reduction (p=0.012). Left ventricular end-diastolic volume index and left ventricular end-systolic volume index presented significant reductions (p<0.005 and p=0.05, respectively), which indicates that the changes observed are independent of preload and afterload. There was a significant reduction in GLS (p=0.05) and RVFWS (p <0.005) ( Figure 1 ). Mean atrial strain was similar before and after the marathon (31% vs. 32%, p=0.6). When these parameters were analyzed by marathon length (70 km vs. 55 km), the differences between the values obtained before and after the race persisted with statistical significance (Table 3) .
Of interest, when the seven female participants were studied separately, only the reduction in left ventricular dimension and the increase in right ventricular basal diameter persisted with significant differences, with no differences in left ventricular strain but with a trend toward changes on RVFWS (p 0.054) (Table 3). These findings were not observed when male participants were analyzed separately from women, even when evaluated separately by marathon length (Table 3) .
A further analysis performed to identify variables associated with cardiac fatigue after exercise showed no correlation between cardiac fatigue and training load (r2=0.01). In men, there was a direct and significant correlation between training load and lower reduction in GLS after exercise (Pearson correlation coefficient r=0.2) ( Figure 2 ). This was not the case of women who presented an inverse relationship between work load and GLS (r=-0.11). Yet, we consider that this difference might not be definitive due to the low number of women included.
DISCUSSION
The multiple benefits of regular physical exercise on 
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Echocardiogram after the marathon cardiovascular health are known, but the effects of extreme physical exercise, coined in this paper as "cardiac fatigue," are less well defined. (6) As is evident from this pilot study and other publications (4), high-impact exercise, as ultramarathons, produces an acute impairment of right ventricular function with higher diameter and less impact on left ventricular size and function.
Intense endurance exercise increases ventricular load for the right ventricle but not for the left ventricle, (7) and is the reason why the right ventricle is more susceptible to cardiac fatigue. The mechanisms by which exercise may cause right ventricular overload are not clear but could be attributed to increased pulmonary vascular resistance. (8) Pulmonary circulation is not capable of reaching the same level of vasodilation as systemic circulation in the presence of increased cardiac output, and thus pulmonary pressure increases. On the other hand, high-intensity exercise can produce a threefold increase in cardiac output, which would explain the increase in right chamber size. We hypothesized that the reduction in GLS could be related to transient endocardial ischemia secondary to higher ventricular volume with increased enddiastolic pressure induced by exercise or reduced diastolic perfusion owing to increased heart rate. We failed to demonstrate higher end-diastolic pressure with the results of the E/'e ratio, although the echocardiograms were performed within the first hour after exercise, with the athletes resting and with normal heart rate. We also observed a reduction in end-systolic volume index after exercise, demonstrating that these changes are independent of left ventricular afterload. Other theories have been hypothesized, including metabolic changes, increased lactate, enzymatic abnormalities, energy expenditure and transient damage.
Ventricular torsion persisted after exercise despite a reduction in ventricular function estimated by the biplane Simpson method.
Atrial strain did not decrease in athletes after exercise, independently of sex and of the reduction in atrial volume. We did not find abnormalities in ven-tricular relaxation after exercise despite the documented reduction of ejection fraction and GLS. This finding would lead us to assume that atrial function contributes to the appropriate performance of the heart so as not to increase pulmonary venous pressures and ensure adequate ventricular filling during exercise.
The lack of changes in ventricular deformation among female participants was of particular interest, but the number of women included in the study was low to draw conclusions.
It makes sense to think that athletes with the highest training load per week have lower decrease in GLS after exercise, which would be a protective factor to reduce cardiac fatigue.
CONCLUSIONS
In this pilot study on myocardial performance immediately after high-intensity exercise such as that of an ultra-marathon, significant changes were found in both right and left ventricular function, GLS and RVFWS.
We believe that this temporary decline in RVFWS and left ventricular GLS could be suggestive of transient and repeated ischemic events, and could be the cause of fibrosis in the right ventricular wall at its in- sertion points demonstrated by magnetic resonance imaging by other authors. (8) Although we cannot ratify this statement, these changes could be associated with the higher prevalence of arrhythmias observed in retired high-performance athletes. (9) These patients are supposed to be at risk of developing arrhythmogenic dysplasia of the athlete, although there is no evidence to confirm this hypothesis to date. The weekly training load could be a factor to prevent cardiac fatigue after exercise.
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